Introduction
Energy resources will play an important role in the world's future. Energy is considered a prime agent in the generation of wealth and a significant factor in economic development. The importance of energy in economic development is recognized universally and historical data confirm that there is a strong relationship between the availability of energy and economic activity. There are many alternative new and renewable energy sources which can be used as a substitute for fossil and conventional fuels [Demirbas 2005 ]. Biomass such as wood, bark, straw, and biowaste is a promising CO 2 -neutral alternative solid fuel owing to the decreasing resources of fossil fuels [Zhou 2006 ].
Current energy consumption of biomass accounts for about 14% of total world energy consumption, second only to coal, oil, and natural gas. Developing countries account for 75% of the biomass utilization [Zhao 2008 ]. As to 2008, the energy consumption in Italy was 192.1 Mtoe (million tons of oil equivalent), where all renewable energy resources, including hydropower and biomass, accounted for 15.9 Mtoe (about 8.3%) [ENEA 2008] . While no official figures exist as to the contribution of biomass alone, some recent estimates report a total potential of 24-30 Mtoe (about 13.6%) [Report 2008 ITABIA] .
For biomass utilization it is more important to assess the economic feasibility relative to non-renewable energy, especially for industrial processes which may obtain the fossil fuel at a lower price than ordinary consumers. For this reason, recently it was suggested to use agricultural products such as corn for domestic heating. The possibility to use corn for combustion arises from the severe limitations on the maximum aflatoxin and fumonisin content of alimentary corn set by EU regulations [Reg. CE 1881 and Reg. CE 1126 /2007 In fact, Italian corn production often exceeds such limits. In Friuli Venezia Giulia, corn production, as well as the storage, moving and handling of grain corn has evolved to a point where there are very few unknowns. Every year farmers harvest, dry, convey, and store about one million tons of corn in Friuli Venezia Giulia. The equipment to do all these things is readily available. Moreover, the opportunity of using corn and barley residues of drying as a fuel allows the agricultural production to be diversified towards the energetic compartment.
Residential combustion of biofuel may be carried out in simple wood stoves as well as in more advanced ones, such as pellet burners and modern wood boilers, and the emissions of pollutants may vary over a wide range [Johansson, 2004] . The importance of emission control has increased sharply due to the increased need of energy from combustion. However, biomass utilization in energy production is not free from problems because of physical and chemical characteristics which are substantially different from conventional energy sources [Ahmed Khana, 2008] . Thermal utilisation of solid biofuels is influenced by the kind of solid biofuel used, its physical characteristics (e.g. particle size, bulk density, moisture content, gross calorific value (GCV)) and its chemical composition [Obernberger, 2006] . It is known that the biomass burning in boilers emit pollutants in the atmosphere, the main of which are particulates, carbon monoxide (CO), unburned hydrocarbons (CxHy) and nitrogen oxides (NOx). As pointed out by Smith 1994, the products of incomplete combustion have three major adverse effects: energy loss, impact on human health and impact on the environment. He estimated that the use of biomass fuels contributed 1 to 5% of all CH 4 emissions, 6 to 14% of all CO emissions, 8 to 24% of all total non-methane organic compounds (TNMOC) emissions and thus 1 to 3% of all human induced global warming [Bhattacharya 2000] .
For an assessment of biomass as an energy source, from the environmental point of view, it would be important to establish the magnitude of different emissions from the present energy use of biomass. If no significant changes occur in end-use biomass energy technologies, emission would be expected to be proportional to the total biomass energy use in the future. Also, corrective measures/interventions may be necessary if the emissions are found to be unacceptably high [Bhattacharya 2000] . For this reason the study was aimed at the report of gaseous products namely CO 2 , CO, NOx, SO 2 , and hydrocarbons computing emission factors for various compositions of corn biomass, compared to fossil fuel combustions (natural gas, LPG and diesel boiler) in a small residential boiler.
Materials and methods
Tests were carried out in Friuli Venezia Giulia in 2006-2008 to assess the emissions of the main pullutant gases (CO, NO, NO 2 , NOx, SO 2 and CO 2 ) from twenty residential heating appliances (Tab. 1), using six different fossil or biomass fuels (Tab. 2). In total twenty-seven tests were carried out.
The boilers of fossil fuel present a very short period of start-stop, conversely to the biofuel boilers that take a long time to take a regime. For this reason the biomass plant included a buffer, whose function is a termic accumulation, to reduce the start-stop of the plant and thus improve the performance of the boiler with significant reductions of the emissions (Tab. 2).
The flue gas emission was measured with a professional semi-continuous multi-gas analyzer, (Vario plus industrial, MRU air Neckarsulm-Obereisesheim). Emissions of CO 2 , CO and unburnt hydrocarbons (expressed as CH 4 ) were measured with an infrared bench, while O 2 , NO, NO 2 and SO 2 were measured electrochemically with a sensor with three electrodes. The NOx gas was determined from a sum of NO and NO 2 .
For all tested boilers, the same methodology was performed. Initially, the boiler was turned on and when it started to work continuously, the emissions were recorded for a period of 60 minutes. The instrument probe was introduced in the center of the flue, in a direction perpendicular to the smoke. All measurements were performed at specific points of the chimney stack, distant at least four times the diameter of the flue, in order to avoid any turbulence of the flow (Fig. 1) . Fossil fuel boilers achieve full power within a few minutes, while the biomass boilersrequired at least 1 hour to obtain a constant maximum power. For the whole period of the analysis, all tests were performed at the maximum power of the boiler. The gas is sucked from the probe and analyzed by the instrument every one second.
This test did not include the measurement of the particulate matter, because the stretch of the chimneys was not sufficient to insert the probes. Indeed, the gravimetric method requires two more probes compared to the gas analysis, while the method for direct reading with the infrared system requires larger diameters.
The values were measured in parts per million (ppm, volume to volume). However, the Italian environmental law 152/2006 requires that the concentration of a pollutant in smoke be expressed as a mass per unit volume of the flue gas, under reference conditions. This is in order to avoid that the combustion smoke be diluted by adding air in excess. Therefore, the reference conditions fix some limits for the residual oxygen tenor in the flue gas, which are: 3% for liquid and gaseous fuels and 11% for biomass fuels.
The following formula was used to calculate the mass to volume concentration: where: C m/v , in mg/m 3 , is the mass to volume concentration; C v/v , in ppm, is the volume concentration; FM, in g/kmol, is the formula weight; 22.4, in m 3 /kmol, is the specific volume of a gas at 20°C temperature and 101.325 kPa (Avogadro's law). The following formula was then used to adjust the concentration in accordance with the maximum oxygen percentage allowed in the flue:
where: C r/c , in mg/m 3 , is the mass to volume concentration in reference conditions (residual oxygen of 11%); C m/v , in mg/m 3 , is the mass to volume concentration; O 2r , is the reference oxygen (11%); O 2f , is the measured oxygen (%).
Finally, flow emissions from corn combustion were determined using a Pitot tube to measure the fluid flow velocity. The basic Pitot tube simply consists of a tube pointing directly into the fluid flow. As this tube contains air, a pressure can be measured as the moving air. 
Results and discussion
The estimated mean value of the selected gases/ pollutants obtained from combustion fuels, used for energy, is shown in Table 3 . The whole process of thermal utilisation of fuels (fuel supply, combustion system, solid and gaseous emissions) is influenced by the kind of fuel used, its physical characteristics and its chemical composition. Moreover it was clear that the combustion conditions and the chamber design (1) Date in a reference conditions of 11% to the residual oxygen After drying, the main controlling parameter of the combustion process is the ratio between the amount of air added and the amount of air (oxygen) necessary for a complete combustion of the combustible parts of the fuel (excess air). In reverse, an incomplete combustion can lead to emissions of unburnt carbon-based pollutants such as carbon monoxide, hydrocarbons, polycyclic aromatic hydrocarbons, tar and soot [Obernberger 2006] 
Carbon dioxide
Carbon is the main component of solid biofuels and contributes positively to the gross calorific value (GCV). The Carbon contents of wood fuels are lightly higher than that of corn grain or another herbaceous biofuels, which explains the slightly higher GCV of wood fuels (Tab. 2). Therefore, carbon dioxide emissions from biomass combustion in comparison to the emissions of fossil fuels are CO 2 -neutral [Obernberger, 2006] , because the carbon is absorbed by plants to produce the same amount of organic matter through the process of photosynthesis (CO 2 is a major product of complete combustion). Figure 1 shows that a sum of the CO 2 and O 2 concentrations is 20% in corn combustion, which is similar for all types of biomass when used in a typical family boiler. The carbon dioxide in adjusting conditions of residual oxygen (11%) in the flue gas, is shown in Table 3 , where the data are the same with respect to the fuel type, although different combustion boilers are used.
Carbon monoxide
Carbon monoxide is usually produced when the combustion air is supplied at less than the stoichiometric requirement. Firstly, during the primary attack by oxygen on hydrocarbons, CO is formed by a fast reaction mechanism shown in equation [1] . The subsequent reaction of CO to CO 2 in equation [2] is slow and requires adequate residence time to achieve completion. Secondly, as the combustion proceeds through the fuel bed after the primary reaction, the oxygen is very much depleted and the carbon dioxide is reduced by the Boudouard reaction in the next layer of fuel [3] [Ndiema, 1998] . The Boudouard reaction is the redox reaction of a chemical equilibrium mixture of carbon monoxide and carbon dioxide at a given temperature. It is the disproportionation of carbon monoxide into carbon dioxide and graphite or its reverse.
Thus, under suitable conditions of temperature and oxygen concentration, the combustion gases formed in the primary zone containing a high carbon dioxide concentration may equilibrate as the gases pass through the regions of unburnt fuel. The reduction reaction in equation [3] is endothermic and this will cause the gases to cool as the reaction proceeds. When the temperatures drop to the level where the rate of reaction becomes negligible, the equilibrium process will stop, and the concentration of CO will be frozen. It has been shown that this occurs in the temperature range of 600-700°C [Ndiema 1998 ].
Both the deficiency of air and excess air lead to an increase of the CO concentration. Probabily, high excess air can be suspected to cool the combustion chamber, resulting in high CO emissions [Johansson 2004 ]. The testing confirms that in biomass combustion the high carbon monoxide emissions are clearly very high in comparison to fossil combustion because there is not a good mixing between fuel and air and sufficient retention time at high temperatures (Tab. 3-4). In the first and second analysis of the corn boiler A (1310 and 1026 mg/m 3 ) the average value was higher than in the third analysis (588 mg/m 3 ). This was most likely due to the replacement of the combustion grate that had deteriorated. In the chips boiler C emissions the value was 4652 mg/m 3 . This value was most likely due to the chips' moisture (40-50%) used in the combustion. This situation was detected in slumber conditions [Bignal, 2008] . In the diesel boiler C, the emissions value (39 mg/m 3 ) was higher than other diesel heaters (4-9 mg/m 3 ), because the boiler was working discontinously for the presence of an underfloor heating system in the house. Indeed, the higher values in carbon monoxide emissions took place in the stages of ignition and shutdown of the plant. For the biomass combustion the worst situation was detected in the traditional stove combustion (6583 mg/m 3 ), where the log of wood did not burn in a uniform way while lower emissions were detected in corn boiler C (167 mg/m 3 ) (Fig. 4) .
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Nitrogen oxides
One of the main environmental impacts of solid biofuel combustion is caused by NOx emissions. The main mechanism of NOx formation in the fuel biomass, when the temperature of combustion is between 800-1200°C, is the oxidation of the nitrogen contained in the fuel. The determining factors are the amount of fuel bound nitrogen in the ultimate analyses, the O 2 concentration in the flame area and to a lesser degree its temperature. Conversely, main mechanisms of NOx in fossil fuels are thermal NOx (formed by the reaction of airborne N with oxygen radicals at temperatures above 1300°C) and prompt NOx (formed by airborne N at temperatures above 1300°C under low oxygen conditions in the presence of hydrocarbons). The determining factor in this mechanisms is the maximum temperature in the combustion zone [Obernberger 2006; Teixeira 2004] In connection with these concepts, the higher the nitrogen content in the fuel, the higher the NOx emissions from the biomass combustion. Since the flame combustion in biomass is in the range of 800-1200°C, the nitrogen in fuel is almost entirely converted to gaseous N 2 and nitrogen oxides (NO and NO 2 ) . Only an insignificant amount of N is incorporated in the ash.
According to Table 2 , coniferous and deciduous wood have the lowest nitrogen content, while higher concentrations are found in grain from barley and corn. The date of emission confirms the higher percentage of nitrogen oxides in corn combustion in comparison to wood and fossil fuels (Fig. 5) . The average emissions in the boiler that used grain corn is 622 mg/m 3 in comparison to the 195 mg/m 3 to LPG fuels (Tab. 3 and 4).
It can also be noted that for biomass boilers, the highest emissions of NOx compounds were obtained when the lowest unoxidized compounds concentrations were measured and reversibly, the lowest concentrations of NOx were correlated to the highest unoxidized compounds values [Johansson 2004] . Infact in figure 6 there is an inversecorrelation between carbon monoxide and nitrogen monoxide for corn and barley combustion. The nitrogen monoxide is the greater part of nitrogen oxides.
Sulphur dioxide
The sulphur contained in the solid biofuel forms mainly gaseous SO 2 . Due to the subsequent cooling of the flue gas in the boiler section of the combustion plant, SOx forms sulphates and condenses on the heat exchanger surfaces or reacts directly with fly ash particles deposited on heat exchanger surfaces (sulphation). The efficiency of sulphur fixation in the ash depends on the concentration of alkali and earth-alkali metals (especially Ca) in the fuel (fuels like wood chips and bark can contain high Ca contents and therefore cause a high S fixation) [Obernberger 2006 ].
The average emission of sulphur dioxide in corn biomass combustion is 125 mg/m 3 while wood emissions are smaller (2 mg/m 3 for chip combustion and 17 mg/m 3 for stove combustion) because this biomass contains a low percentage of sulphur in comparison to the corn biomass (Tab. 3 and 4). The emission of diesel combustion in table 4 is high (196 mg/m 3 ) because the diesel boiler C (515 mg/m 3 ) was working discontinously for the presence of an underfloor heating system in the house. Emissions of SO 2 in the LPG and methane boiler are instead lacking because these fuels do not contain sulphur (Fig. 5) . (1) Data in reference conditions of 11% to the residual oxygen 
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Flow emissions
The data of flow emissions is expressed in Table 5 for the different corn combustion boilers. The data prove that increasing the content of air in the smoke increases the flow speed (Fig. 7) . The results were compared with the values of emission of carbon monoxide and nitrogen oxides expressed in mg/m 3 in adjusting conditions of residual oxygen (11%) in the flue gas (Fig 8) . The trends of pollutant and flow emissions are similar and highlight the importance of expressing the values in the reference conditions, since in the biomass combustion the excess air is very different.
Conclusions
This work has wanted to investigate the gaseous emissions from small boilers for domestic heating. In particular, the differences between the emissions of fossil fuels and biomass were investigated.
Data showed a lower emission of pollutants in the flue gas (NO x , SO 2 and CO) by fossil fuel compared to corn in family boilers. This is because fossil fuels are composed of carbon and hydrogen while the biomass composition is very complex.
Moreover, in relation to CO, the emissions of fossil boilers are lower than the biomass, because the fossil fuels are liquid or gaseous and have a better mix with oxygen. Conversely, the solid form of biofuels requires a chop to achieve a good degree of mixing and an incresed temperature in the combustion area. In relation to NOx, biomass emissions are directly proportional to the nitrogen contained in the fuel; higher values for herbaceous biomass and the lowest values for wood biomass. The data also revealed an inverse correlation between carbon monoxide and nitrogen monoxide for corn and barley combustion. Indeed high temperatures in the combustion chamber allows a high NOx formation and a low CO formation. Differently, low temperatures increase the emission of unoxidized compounds but are a limiting factor for the NOx formation.
The mixing of different types of biomass could be useful to improve combustion and therefore emissions into the atmosphere. Thus, for example, mixing maize with wood to form pellets reduces the concentration of nitrogen, with a consequent reduction of the NOx emissions. However, sulphur and carbon emitted by biomass boilers in the local area are a closed loop. These elements are absorbed by plants to produce the same amount of organic matter through the process of photosynthesis.
Most interesting is the strong influence of technological systems to biomass boilers in relation to the reduction of gas emissions into the atmosphere. Corn burners were born from an evolution of pellet boilers and therefore have not developed advanced technology, especially for thermal efficiency and the reduction of emissions into the atmosphere. Conversely, the fossil fuel boilers have achieved a very high tecnological maturity, as for example condensing methane boilers. In recent years, biomass boilers are involved in technological progress, which in the near future will allow emission values to be reduced.
In the future we will continue the tests of biomass emissions in a boiler (25 kW) realized for this purpose. This will allow us to analyze various types of fuel under different operating parameters. In particolar, we want to study the emission of dust and heavy metals into the atmosphere.
